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ABSTRACT
We have developed a new tool to analyse galaxies in the EAGLE simulations as close as
possible to observations. We investigated the evolution of their kinematic properties
by means of the angular momentum proxy parameter, λRe for galaxies with M? ≥
5 × 109 M in the RefL0100N1504 simulation up to redshift two (z= 2). Galaxies in
the simulation show a wide variety of kinematic features, similiar to those found in
integral-field spectroscopic studies. At z=0 the distribution of galaxies in the λRe − ε
plane is also in good agreement with results from observations. Scaling relations at
z= 0 indicate that there is critical mass, Mcrit /M= 1010.3 , that divides two different
regimes when we include the λRe parameter. The simulation shows that the distribution
of galaxies in the λRe − ε plane evolves with time until z= 2 when galaxies are equally
distributed both in λRe and ε. We studied the evolution of λRe with time and found
that there is no connection between the angular momentum at z= 2 and z= 0. All
systems reach their maximum λRe at z= 1 and then steadily lose angular momentum
regardless of their merger history, except for the high star-forming systems that sustain
that maximum value over time. The evolution of the λRe in galaxies that have not
experienced any merger in the last 10 Gyr can be explained by their level of gas
accretion.
Key words: galaxies: general, galaxies: evolution, galaxies: formation, galaxies: kine-
matics and dynamics, galaxies: elliptical and lenticular, cD, galaxies: spiral
1 INTRODUCTION
Integral Field Spectroscopy (IFS) has become the standard
tool to perform spectroscopic analysis and study the inter-
nal structure of galaxies. This technique allows to perform
a detailed analysis of the kinematic and stellar populations
over a two dimensional field-of-view, which is crucial to un-
derstand the history of individual galaxies and substructure,
and disentangle different formation scenarios (e.g. Emsellem
et al. 2004, 2011; Pinna et al. 2019).
The SAURON project (Bacon et al. 2001) was one of
the first works that showed the potential of this technique
by studying 48 early-type galaxies. This survey revealed that
the observed distribution of stars is not strongly correlated
with the stellar kinematics, and that galaxies can be di-
vided as Fast and Slow rotators depending on their level of
rotational support (e.g. Emsellem et al. 2007). This classi-
? E-mail: dwalo@iac.es
fication was based on the λRe parameter, developed by the
same team as a proxy for the projected angular momentum.
Fast and Slow rotators were found to be physically differ-
ent groups of galaxies, the latter being predominantly mas-
sive galaxies. These results were confirmed by the ATLAS3D
survey (Cappellari et al. 2011a) with an extended sample
of 260 early-type galaxies (Emsellem et al. 2011; Krajnovic´
et al. 2013). Since then, a statistically significant number
of galaxies have been studied confirming the early results of
SAURON and ATLAS3D , providing more information about
the different nature of Slow and Fast rotators. Some of the
most important surveys are: CALIFA (Sa´nchez et al. 2016)
which studied a sample of ≈ 600 galaxies across the Hub-
ble sequence, SAMI (Brough et al. 2017a) which analysed
around 3,000 galaxies across a large range of environments,
MASSIVE (Veale et al. 2017) which focused on a reduced
sample of ≈100 very massive galaxies in the nearby Universe
and MaNGA (Bundy et al. 2015), which will complete the
observations of ≈10,000 galaxies in 2020.
© 2020 The Authors
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A number of idealized and cosmological zoom-in simula-
tions were developed after the initial findings to understand
the formation mechanisms of Slow and Fast rotators. It was
shown that mergers remnants can evolve in very different
ways and thus, that there is not a unique formation mech-
anism of Fast and Slow rotators (Jesseit et al. 2009; Bois
et al. 2010; Naab et al. 2014). Major mergers have a larger
impact in the star formation rate (SFR) and kinematic of
galaxies than minor mergers and thus are considered as one
of the main drivers of Slow rotators. Nevertheless, they do
not always destroy the rotational dominated nature of the
primary galaxy and can easily produce a fast rotating rem-
nant. (Sparre & Springel 2017; Pontzen et al. 2017). The
angular momentum is a key parameter to understand not
only the kinematic properties of galaxies, but also their evo-
lutionary path. It is believed that the amount of angular mo-
mentum transferred from halo to disk provides constraints
to the size of the galactic disk (Mo et al. 1998) and to set
the basis for the mass-size relation of galaxies (Shen et al.
2003). Moreover, the angular momentum provides a possible
explanation for some aspects of the observed morphology-
density relation, by means of spiral galaxies transformation
into fast rotating lenticular galaxies through fading of the
stellar population (e.g. Cappellari et al. 2011b).
Current IFS surveys can only observe galaxies in the
local universe and until the the next generation of telescopes
such as the Extremely Large Telescope (ELT) and the James
Webb Space Telescope (JWST) are fully functional it is not
possible to develop an angular momentum evolution theory
entirely based in observations. On the other hand, there
are surveys that use IFUs to study ionized gas kinematics
at high redshifts by measuring hot gas emission lines
with timescales differing in various orders of magnitude
(Fo¨rster Schreiber et al. 2009; Wisnioski et al. 2015), but
the connection with the stellar kinematics is not straight-
forward as they are affected by different physical processes.
Fortunately, it is possible to study the stellar kinematics of
galaxies at different redshifts via state-of-the-art cosmologi-
cal hydrodynamical simulations, which are able to reproduce
a broad variety of environments and follow the evolution
of thousands of galaxies. Examples of these simulations
include EAGLE(Schaye et al. 2015), IllustrisTNG (Pillepich
et al. 2018), HORIZON-AGN (Dubois et al. 2014) and
Magneticum Pathfinder1. These simulations have proven,
with different levels of success, to reproduce key observables
in the local Universe and have recently started to explore
the kinematics of the galaxies and match the results to
those of IFS surveys. Lagos et al. (2018) and Choi et al.
(2018) focused on the decrease of angular momentum due to
merger events in the EAGLE and Horizon-AGN simulations
respectively. Schulze et al. (2018) studied the distribution of
different kinematic features in early-type galaxies and their
angular momentum evolution using Magneticum. Pillepich
et al. (2019) analysed the evolution of the intrinsic velocity
dispersion in disk galaxies with IllustrisTNG. Each of these
teams has developed its own methodology to characterize
the morphology and kinematics of galaxies and thus is not
always straightforward to compare their predictions. In
addition, often, they do not consider all the particularities
1 http://www.magneticum.org
of kinematic extraction in real observations making it
sometimes difficult to compare with IFS results.
The aim of this work is to develop a methodology to
analyse simulated galaxies as close as possible to obser-
vations, obtaining IFU-like two-dimensional maps of the
kinematics and stellar populations of galaxies. We will use
the EAGLE simulations as our reference to obtain predic-
tions that can be tested observationally, given its ability to
reproduce properties such as the sizes (Furlong et al. 2017),
masses and(Furlong et al. 2015), angular momentum (Lagos
et al. 2017), colours (Trayford et al. 2015), gas content (Bahe´
et al. 2016; Lagos et al. 2015) and color magnitude relation
(Correa et al. 2017). On the other hand, the simulations are
also known to deviate from some observational results e.g
flatter stellar mass-metallicity relation than the one inferred
from observations, a z = 0 transition from passive to active
galaxies at too high stellar mass (Schaye et al. 2015; Trayford
et al. 2015) and substantially overproduce both intermediate
and young stellar populations (Salvador-Rusin˜ol et al. 2019)
The paper is organized as follows. In Section 2 and
3 we introduce the key aspects of the EAGLE simulation
and describe the sample selection. In Section 4 we present
the methodology used to measure the kinematic properties
of simulated galaxies. Section 5 shows the variety of kine-
matic features displayed by EAGLE galaxies. In Section 6,
we study the distribution of galaxies in the λRe − ε at redshift
zero (z = 0) and compare it with results from the CALIFA
survey (Falco´n-Barroso et al. 2019). In Section 7 we present
the evolution of galaxies in the λRe − ε from z = 0 to z = 2
and connect it with different fundamental parameters. Fi-
nally, we summarize and conclude in Section 8.
2 THE EAGLE SIMULATION
EAGLE (Evolution and Assembly of Galaxies and their En-
vironments; Schaye et al. (2015); Crain et al. (2015)) is a
project from the Virgo consortium that consists of a series
of cosmological hydrodynamic simulations aimed at under-
standing the formation and evolution of galaxies in a ΛCDM
Universe2. The results of the simulations are publicly avail-
able at http://icc.dur.ac.uk/Eagle/database.php. They con-
tain: (1) a catalog that includes properties of haloes and
galaxies in the simulation (McAlpine et al. 2016), and (2)
the particle data (The EAGLE team 2017) for 29 snapshots
ranging from z = 20 to z = 0, with time spans that range from
0.1 to 1.3 Gyr. Simulations were performed using an updated
version of the N-Body Tree-PM smoothed particle hydrodi-
namic (SPH) code, GADGET3 described in Springel (2005).
The modifications in this version, collectively referred to as
’Anarchy’, include the pressure-entropy formulation of Hop-
kins (2013), the time step limiter proposed by Durier & Dalla
Vecchia (2012), an artificial conduction switch of the form
of Price (2008) and the artificial viscosity switch of Cullen
& Dehnen (2010).
Dark matter haloes are detected within the simulation
with the Friends-of-Friends (FoF) algorithm (Springel et al.
2 EAGLE simulations adopt the cosmological parameters ex-
tracted from Planck Collaboration (2014) (Ωm = 0.307, ΩΛ =
0.693, Ωb = 0.04825, h = 0.6777, σ8 = 0.8288, ns = 0.9611,
Y = 0.248)
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Figure 1. Left: The Galaxy Stellar Mass Function (GSMF) of galaxies in the RefL0100N1504 simulation at z = 0 (blue curve) and z = 2
(red curve). The curves are dashed for mass bins containing less than 10 galaxies. The GSMF inferred from observations is represented
using white (Baldry et al. 2012) Sand black stars DSS-GALEX (Moustakas et al. 2013) at z = 0 and white and black circles (Tomczak
et al. 2014) at z=2. Right: Normalized mass distributions of galaxies in the RefL0100N1504 simulation at z = 0 (blue) and z = 2 (green),
in the MaNGA survey(dashed red) and in the CALIFA survey (dotted blue)
2001). Galaxies are then identified as the stellar compo-
nent of self-bound structures in each dark matter halo de-
tected with the SUBFIND algorithm (Dolag et al. 2009).
The galaxy that contains the particle with the lowest grav-
itational potential within a FoF halo is defined as central
galaxy, usually the most massive in the halo, and the re-
maining ones are considered its satellites.
In order to characterize the evolution of galaxies at
different snapshots, merger trees have been created so we
can link galaxies with their descendants and progenitors at
different times (Qu et al. 2017). To easily identify galaxies
and navigate the merger trees, the database provides the
GalaxyID which is the unique identifier of a galaxy in the
simulation, and the DescendantID which is the GalaxyID
of the unique descendant of the galaxy. A galaxy may have
multiple progenitors, but only one descendant. An impor-
tant aspect of EAGLE is the use of sub-grid routines that
account for physical processes that act on scales below the
resolution limit of the simulations. These sub-grids modules
include the radiative cooling and photoheating models of
Wiersma et al. (2009a), the star formation as described
by Schaye & Dalla Vecchia (2008), the stellar evolution
and chemical enrichment of Wiersma et al. (2009b), stellar
feedback of Dalla Vecchia & Schaye (2012) and a black hole
growth and active galactic nuclei similar to that of Rosas-
Guevara et al. (2015). Throughout the text, we will focus on
the simulations that use the reference model, introduced in
Schaye et al. (2015). In this model, the sub-grid parameters
that regulate feedback from star formation and black
hole accretion were calibrated to guarantee that EAGLE
galaxies reproduce observational relations at z = 0, such
as the galaxy stellar mass function, the galaxy size-stellar
mass relation and the black hole mass-stellar mass relation.
Additionally, the simulation has been able to reproduce
observables such as the color bimodality, with a blue cloud
mostly formed by disky galaxies and a red sequence of
predominantly elliptical galaxies (Correa et al. 2017) or the
density of complex systems such as ring galaxies (Elagali
et al. 2018). This proves the success of the numerical model
that describe the subgrid physics, since their calibration
did not include information about galaxy morphology.
In this work, we will analyse the RefL100N1504 simula-
tion which is characterized by: (1) use of calibrated sub-
grid parameters, (2) simulated cubic volume of 100 co-
moving Mpc3 (hereafter cMpc), (3) 2 × 15043 initial par-
ticles (baryonic and dark matter), (4) initial mass of gas
particles, mg = 1.81 × 106 M and dark matter particles
mass, mdm = 9.70× 106 M, (5) a co-moving gravitational
softening length, ε = 2.66 comoving kpc (ckpc hereafter)
for z ≥ 2.8 and 0.7 proper kiloparsecs (pkpc hereafter) for
z< 2.8.
3 SAMPLE SELECTION
In order to analyse the evolution of galaxies with redshift our
sample must include a statistically significant number of ob-
jects and cover a large range in mass, M? ≥ 5× 109 M. We
will base our target selection on the galaxy stellar mass func-
tion (hereafter GSMF) for this purpose. Following Furlong
et al. (2015) we measured the stellar mass content of galax-
ies, M?, within spheres of 30 pkpc centred at the minimum
of potential of the galaxy. In this way, we include almost
all the stellar mass in the subhalo for low mass systems,
while for massive systems we exclude the diffuse mass that
MNRAS 000, 1–16 (2020)
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would contribute to the intracluster light (ICL). In the left
panel of Fig. 1 we plot the GSMF of the RefL0100N1504
simulation at z = 0 (blue) and z = 2 (red) for galaxies with
M? ≥ 5 × 109 M in mass bins of 0.15 dex. The dotted lines
indicate the mass bins where there are less than 10 galax-
ies. We set the lower mass limit after checking that galaxies
with masses below this threshold provided results that did
not fulfil our quality requirements (see Sec. 4). We compare
the GSMF of the simulation with observational results in the
left panel of Fig. 1 using GAMA (Baldry et al. 2012) and
SDSS-GALEX (Moustakas et al. 2013) surveys at z ≈ 0.1
and from ZFOURGE/CANDELS surveys (Tomczak et al.
2014) at redshift ranges of z = 1.5−2 and z = 2−2.5. The ob-
servational works extend down to masses around 107 M,
but we only plot the GSMF in the range of masses in which
we are interested.
The GSMF is usually fitted by a Schechter function
when a wider range of masses is considered, but for our pur-
poses we visually compare the plots and identify the regions
where the simulated and observed values are comparable.
At z = 0 there is a good agreement with the observational
data in the entire mass range of interest, with an average
difference of 0.2 dex in the range 109.7 − 1011.5 M. It is
remarkable that even at the region of masses ≥ 1011.5 M,
where the population of massive galaxies in the simulations
is low, theere is good agreement with the observational re-
sults. At z = 2 our results are also in good agreement with the
observations except for masses larger than 1011 M. Again,
this is because the volume probed by the simulation is too
small to have large clusters, where the most massive galaxies
inhabit. We therefore confirm that our sample rreproduces
the GSMF well for masses M? ≥ 3x1010M at z = 0 and
M? ≥ 1011M at z = 2.
We present in Fig. 1 (right panel) a different way to com-
pare our sample’s mass distribution with other observations.
The figure shows the normalized mass distribution of galax-
ies in the RefL01001504 simulation with M? ≥ 5×109M at
z = 0 and z = 2 (filled blue and green line). In adition we in-
clude results for galaxies with angular momentum measure-
ments from the MANGA (dashed line) and CALIFA sur-
veys (dotted line). The number of galaxies that satisfy our
selection criteria, NGAL , is larger at z = 0 (NGAL = 5, 587)
than at z = 2 (NGAL = 2, 523) as galaxies increase their bary-
onic content with time through merger events. On the other
hand, the MANGA and CALIFA samples consist on 2,300
and 300 objects respectively. The range of stellar masses in
the MANGA survey is between 109 −1012.5 M and galaxies
where chosen so the shape of the mass distribution is almost
flat in all the mass range 109.75 −1012 M. CALIFA galaxies
cover almost the same range of masses but the distribution
presents a clear maximum at 1011 M and a smaller fraction
of massive galaxies. Given the different shapes of the mass
distributions and the lack of massive systems in the simu-
lations the comparison with observations must be carefully
handled to prevent biases.
4 METHODOLOGY
EAGLE simulations give us access to all the physical param-
eters associated to the particles that conform the galaxies.
For the proper comparison with observations, one must take
into account all the instrumental peculiarities and method-
ologies associated to the observational parameters of inter-
est. To this end, we have developed a new tool, written in
Python 3, aimed to measure properties of simulated galax-
ies as close as possible to what it is done in observations. In
this section we summarise the details of our procedure.
We first project the stellar particles of the target galax-
ies into 2D maps with a predefined odd number of pixels per
side, Npixel . This defines the field of view (FoV hereafter)
used to analyse each galaxy. Galaxies are projected along
one of the main axis of the simulation. The projections per-
pendicular and parallel to the stellar spin vector define the
edge-on and face-on projections, respectively.
In galaxies with net rotation, the stellar spin is a proxy
of the direction of the rotation axis and thus it should be
parallel to the vertical axis of the two dimensional map in
the edge-on projection. There are, however, both internal
and external factors that can produce a misalignment be-
tween them. The external factors are galaxy mergers and
tidal forces that cause a misalignment between the axis of
rotation and the stellar spin even when the galaxy presents
net rotation around one axis. Their contribution can be re-
duced by excluding the outer regions of the galaxy, which
are less bounded and hence are more easily influenced. The
inner region of galaxies, on the other hand, is often domi-
nated by dispersion rather than rotation and thus the stellar
spin is a poor descriptor of the global rotation of the galaxy.
For this reason, to calculate the stellar spin we take into
account the stellar particles within a spherical aperture of
15 pkpc radius around the centre of potential (CoP) of the
galaxy. This aperture is large enough to reduce the contri-
bution of the inner parts of the galaxy while excluding the
outer regions.
We produce mass and luminosity density maps with the
particles and characterize its projected morphology (see de-
tails in Sec. 4.1). Each stellar particle in the simulation has
a mass around 106M and a specified age and metallicity.
Each particle can therefore be modelled as a single stellar
population (SSP) with that age and metallicity using the
EMILES population synthesis models (Vazdekis et al. 2016).
These models provide predictions for SSP for a wide range of
ages (e.g. 0.03−14.00 Gyr) and metallicities (e.g. 0.0001−0.04
in mass fractions). We assume a Chabrier (2003) initial
mass function (IMF), which provide the mass-to-light ra-
tios (M/L) in the Sloan Digital Sky Survey (SDSS Fukugita
et al. 1996; Stoughton 2002) filters. The M/L of each stellar
particle is computed by interpolating the EMILES values.
The effect of dust obscuration is not included in the SDSS
luminosities.
We then generate luminosity-weighted maps for differ-
ent physical parameters. Example of these maps are the pro-
jected mean stellar velocity, V , and velocity dispersion, σ,
for the kinematics. The metallicity and age maps that are
used to analyse the stellar populations of the galaxies. The
luminosity-weighted results in this work are obtained using
SDSS g−band. We also calculate the mass-weighted version
of these parameters to study if there is any hidden relation
that can not be easiy traced in the observations.
We analyse galaxies in three different ways: in random,
edge-on and face-on projections. We use a square fielf-of-
view (FoV) of 81 pkpc2 (81 pixels of 1 pkpc) centred at the
CoP of the galaxy.
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Figure 2. Maps of a randomly oriented galaxy in the
RefL100N1504 simulation at z=0. Top panel: surface mass density
and surface brightness maps. Middle panels: mass and luminosity
weighted velocity maps from a Gausian fit to the LOSVD. Bot-
tom panel: mass and luminosity weighted dispersion maps from
a Gausian fit to the LOSVD. The velocities and dispersion maps
present the same color range for the mass and luminosity weighted
maps. The physical size of the images is shown along the axis and
is in pkpc. The red ellipses in the left and right columns are con-
structed with the morphological information from the maps in the
top panel and contain half of the mass and half of the luminosity
respectively
4.1 Photometric measurements
We use the projected image of the galaxies to construct sur-
face mass density and surface brightness maps. To that end,
we add the mass/luminosity of all the stellar particles in
each pixel and divide the total by the pixel area for each
pixel in the FoV. The projected morphology and orientation
of the galaxies are characterized by the ellipticity, ε, and
position angle of the major axis of the galaxy to the verti-
cal axis, θPA, measured counter-clockwise. These parameters
are calculated for all projections. We use the photutils3
python package to obtain these parameters by diagonalizing
the two-dimensional inertia tensor from the surface mass
density and surface brightness maps. These measurements
can be affected by tidal streams and diffuse haloes of weakly
bound stars, and can bias the distribution to smaller elliptic-
ities. To minimize this contribution, we only consider pixels
that contain a minimum number of stellar particles, Nmin,
thus excluding the outermost regions of the galaxy. Addi-
3 https://photutils.readthedocs.io
tionally, this step prevents to keep analyzing galaxies with
few pixels above the Nmin requirements. The application of
the Nmin filter is based on the assumption that the distribu-
tion of particles in the maps follows a Poisson distribution.
Thus, the signal-to-noise ratio (S/N) is equal to the square
root of the number of particles in the pixel. We set the Nmin
threshold to 9 particles (i.e. S/N∼3) and we discard galaxies
that have less than 10 pixels after the filtering step.
The number of particles per unit area decreases as we
move away from the centre of the galaxy and the parameters
derived from them consequently loose statistical significance.
To ensure that all our measurements are calculated with a
minimum number of particles we perform a Voronoi tessella-
tion (Cappellari & Copin 2003), which combines pixels into
bins that adaptively adjust their size to reach a minimum
S/N target (i.e. a minimum number of particles). We set the
a minimum S/N per bin of 10 (100 particles). This binning
step is applied on the filtered pixels to prevent the formation
of excessively large Voronoi bins (VB). In the outermost re-
gions of galaxies the number of stellar particles significantly
decrease and with a single VB we would join together stellar
particles whose physical properties could be completely un-
related. On the other hand, the binning process may provide
an unreliable small number of VBs and thus we impose the
following conditions to further analyse a galaxy: (i) it pro-
vides a minimum of 10 bins, and (ii) the former condition is
satisfied for the random, edge-on and face-on projections.
We calculated the effective radii, Re, as the major semi
axis of an ellipse with the ellipticity and position angle cal-
culated from the density maps that contain half of the total
mass and luminosity. We set a minimum number of 5 VBs
inside these ellipses in the three projections to further anal-
yse the parameters derived from the pixels within them. The
total luminosity is calculated in the same fashion as the to-
tal mass in Sec. 3, taking into account the stellar particles
within a spherical aperture of 30 pkpc of radii centred at the
minimum of the potential of the galaxy. We will refer to the
radii of the aperture that contains half the mass and lumi-
nosity as Re,M and Re,L respectively. The effective radii are
computed for each projection.
Most of the kinematic analysis of cosmological simula-
tions use a single effective radius per galaxy regardless of
the projection (e.g. Lagos et al. 2018; Schulze et al. 2018;
Pillepich et al. 2019). These radii are usually calculated as
the radius of the sphere that contains half the mass, or an
average of the projected half-mass radius in three direc-
tions perpendicular to each other. These parameters pro-
vide an estimate of the three dimensional distribution of
stars, but are inadequate for comparison with observations,
where galaxies can only be studied in the projection along
the line-of-sight. Furthermore, the effective radii measured in
observations characterize the aperture that contains half the
luminosity of the galaxy not half of its mass. The EAGLE
database provides the 3D and the average projected values
of Re,M using the stellar particles inside spherical and cir-
cular apertures of 30 and 100 pkpc. The comparison of our
values with those in the database (not shown here) indicate
that the 3D half mass radii in the database are quite similar
to our Re,M values, while our Re,L tend to be somewhat
larger (i.e. ∼30%).
In order to make results comparable between galaxies,
most of the global parameters presented in this work are
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calculated using the bins inside elliptical apertures with the
same shape and orientation as the surface mass density and
surface brightness, and semi-major axis Re,M and Re,L .
In addition, we use the Voronoi binning tessellation to
construct new surface mass density and surface brightness
binned maps. In this case we take the mass and the
luminosity of the stellar particles inside each bin and divide
it by the area of the pixels that conform it.
4.2 Stellar kinematics
4.2.1 Kinematic extraction
There are two different approaches to calculate the stellar
velocity and velocity dispersion from a simulation: numer-
ically, where we use directly the velocity of the particles,
and observationally, where we first obtain the line-of-sight
velocity distribution (hereafter LOSVD). There is no con-
sensus in the literature of which one should be applied to
simulations when simulations and observations are brought
together.
In the first approach, V and σ measurements are di-
rectly calculated as the weighted average and standard devi-
ation of the velocities along the line-of-sight at each VB (e.g.
Penoyre et al. 2017; Schulze et al. 2018) and Pillepich et al.
(2019)). In the second approach, we construct the LOSVD in
each VB using the velocities along the line-of-sight, weight-
ing the contribution of each stellar particle by its luminosity.
This method is close to what is done with observations us-
ing algorithms like pPXF (Cappellari 2012), where stellar
templates are convolved with a LOSVD model to match the
galaxy spectra. We adopted the simple approach of a Gaus-
sian distribution to describe the V and σ in our galaxies,
and defer the computation of higher-order moments of the
Gauss-Hermite distributions (van der Marel & Franx 1993)
for future works. In addition, we analyse all the LOSVDs
with a fixed size in velocity of 25 km s−1. The V maps are
corrected for the systemic velocity of the galaxy by calcu-
lating the mean velocity within a 3× 3 pixel box around the
central pixel.
Some works in the literature use non-weighted versions
of V and σ to characterize the intrinsic kinematic of galaxies
(Schulze et al. 2018; Pillepich et al. 2019). This approach dif-
ficults the comparison with observational results since all the
information that we get is luminosity weighted. On the other
hand, the combined study of mass and luminosity-weighted
quantities may provide interesting information about the
kinematic of different populations without performing a de-
tailed stellar population analysis. This is because young
stars are much brighter and have a larger contribution in
the luminosity-weighted parameters, while their mass is in
the same range as their older counterparts. Therefore, the
presence of different kinematic features between mass- and
luminosity-weighted maps are a quick indicator of young
components.
Figure 2 shows the mass-weighted (left) and luminosity-
weighted (right) results for the surface density, V and σ maps
(top, middle and bottom panels respectively) of a galaxy
randomly oriented in the RefL100N1504 simulation at z = 0.
We see in the V and σ maps how the use of different weights
completely change the kinematic of the central region. In
the mass-weighted V map, we find an example of a counter
rotating component where stars in the inner and outer re-
gion rotate in opposite directions. There is no sign of such
feature in the luminosity-weighted map, indicating that the
decoupled component is mostly formed by old stars. This ex-
ample illustrates that we are likely missing the detection of
many of these components simply because of the luminosity-
weighting of the observations (see McDermid et al. 2006, for
further examples). In terms of velocity dispersion, there is
a region with low σ values along the axis of rotation in the
mass-weighted map, while in the luminosity-weighted map
there is a significant overall drop in the galaxy except for the
outermost regions which preserve the high σ values. This
implies that the young population is distributed all over the
galaxy and not only in the inner regions where the counter-
rotating component vanishes. The analysis of the role that
different populations have on the kinematic properties of
galaxies in a global context exceeds the scope of this work
and we will only use the luminosity-weighted parameters to
compare with observations unless otherwise stated.
4.2.2 Angular momentum proxy
Galaxies can be classified, based on their dynamical state,
into rotational dominated and pressure supported systems.
The V/σ parameter has been traditionally used with long
slit spectrographs taking the central velocity dispersion and
the maximum rotational velocity to compute it (e.g. Binney
1978; Davies et al. 1983; Binney 2005). However, with the
rise of integral-field units, it has been shown (e.g. Emsellem
et al. 2007) that it failed to differentiate between short-scale
rotation (like kinematic decoupled components) and long-
scale rotation in early-type galaxies, providing in certain
cases very similar values for galaxies with qualitatively and
quantitatively different velocity maps. To eliminate this am-
biguity, they defined a new parameter called λRe which is a
proxy for the projected stellar angular momentum per unit
mass. For the two-dimensional velocity and dispersion maps,
λRe is defined as:
λR =
∑
j ωjRj | Vj |∑
j ωjRj
√
V2
j
+ σ2
j
, (1)
where Vj and σj are the mean velocity and velocity disper-
sion along the line-of-sight, ωj is the surface brightness or
mass density of a given bin, and Rj is the galactocentric dis-
tance of the jth Voronoi bin, respectively. Purely rotational
dominated systems will show λRe values close to unity while
for systems supported by dispersion, with no ordered rota-
tion, this value will be close to zero. To make these mea-
surement comparable between galaxies we only include in
the summation of eq. 1 the VB inside an elliptical aperture
with the same ε and θPA as the galaxy and semi-major axis
equal to the effective radii. We adopt here the same criteria
defined by Emsellem et al. (2011) to separate between Fast
and Slow rotating systems (i.e. λR = 0.31 ×
√
ε).
4.3 Galaxy mergers
We use the merger tree information in the EAGLE database
to link galaxies at z = 0 with their progenitors at higher
redshift. We define the stellar mass ratio between the
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Figure 3. Example of surface brightness (top), mean velocity, V , (centre) and velocity dispersion, σ (bottom) of 5 galaxies that represent
the variety of kinematic features in the RefL0100N1504 simulation at z = 0. From left to right we have examples of a: regular rotator,
non-rotator, prolate rotator, kinematic distinct core and a double σ galaxy. The colorbar indicates the scale of each map and the physical
size of the images is shown along the axis in pkpc. The red ellipses enclose half the luminosity of the galaxies and are constructed with
the morphological information from the maps in the top.
primary and the secondary galaxy as:
Rstars,merger =
M?S
M?P
, (2)
where M? is the stellar mass of the galaxy and the P
and S index represent the primary and secondary galaxy
respectively. We classify mergers as: i) major merger for
Rstars,merger ≥ 0.3, ii) minor merger if 0.1 < Rstars,merger < 0.3
and iii) smooth accretion for Rstars,merger < 0.1.
We also divide galaxies into wet (gas rich) and dry (gas
poor) mergers using the ratio of the total neutral gas to
stellar mass involved in the merger. The amount of neutral
gas (atomic and molecular) is calculated following Rahmati
et al. (2013) which accounts for self-shielding from the galac-
tic ionizing background radiation. The kind of merger (e.g.
wet or dry) is then defined as:
Rgas,merger =
MPneutral + M
S
neutral
M?P +M?S
, (3)
where the new parameter, Mneutral, is the neutral gas mass.
We then set a limit of Rgas,merger = 0.1 to separate into wet
mergers if they have larger Rgas,merger or dry mergers other-
wise.
We use the previous classifications to get a general sti-
mate of the number and type of mergers, but we notice that
they are rather simplistic. They do not properly describe
complex scenarios where more than two galaxies merge in
the time between two consecutive snapshots. Mergers involv-
ing more than two galaxies are analysed as a set of binary
mergers, where the principal galaxy is the most massive of
the group.
We consider galaxies with M? ≥ 108 M for this mea-
surement to make sure that we are not underestimating the
number of minor mergers. Given the large number of galax-
ies in this extended sample and the high computational cost
of gas calculations, we use the mass of star-forming gas avail-
able in the database as a proxy for the neutral gas mass.
5 KINEMATIC FEATURES
We have found that EAGLE galaxies display the wide va-
riety of kinematic features observed in our Universe. After
visually inspecting, the velocity and dispersion maps we have
visually identified the following kinematic groups:
• Regular Rotators (RR): stars rotate around the photo-
metric minor axis with no special features in the velocity
map.
• Non Rotators (NR): the velocity map shows low-level
velocities and no clear rotation axis.
• Prolate Rotators (PR): stars rotate around the photo-
metric major axis of the galaxy.
• Kinematic Distinct Component (KDC): the velocity
map exhibits two different components in the central and
outer parts. Counter-Rotating and misaligned components
are included in this group.
• Double σ (2σ): the dispersion map exhibit two off-
centre symmetric peaks, with a minimum distance of half
the effective radii between them.
These are all features already identified in the
ATLAS3D survey (e.g. Krajnovic´ et al. 2011). In Fig. 3
we show from top to bottom the surface brightness, mean
velocity and velocity dispersion maps for 5 galaxies in the
RefL0100N1504 at z = 0 with different kinematics features.
From left to right we see an example of a regular rotator, a
non rotating galaxy, a prolate rotator, a kinematic distinct
core and a double sigma peak galaxy. Further, the velocity
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Figure 4. λRe − ε diagram of EAGLE galaxies with M? ≥ 5 × 109 M in the RefL0100N1504 simulation at z=0. Galaxies are randomly
oriented in the left panel and edge-on oriented in the right one. The solid line represent the separation between Fast and Slow rotators
from Emsellem et al. (2011). The colour and sizes of the symbols scale with the stellar mass of the galaxies as labelled in the top legend.
map of the last galaxy shows a counter rotating core, where
the inner region rotates in the opposite direction of the outer
part. Being able to reproduce such a variety of features is a
success of the numerical models since no kinematic informa-
tion is provided to calibrate them.
Our classification criteria is based on visual inspection
and thus a complete kinematic classification of all the galax-
ies in the simulation exceeds the scope of this analysis. We
plan to perform a detailed analysis of the frequency and
properties of each kinematic group at different epochs in a
future work.
6 ANGULAR MOMENTUM AT Z =0
6.1 The λR − ε diagram
Figure 4 shows the distribution of EAGLE galaxies at z = 0
in the λRe − ε diagram in random projection (left panel) and
in edge-on projection (right panel). The colour and size of
the symbols scale with the stellar mass content of the galax-
ies, so that most massive objects have larger and redder
symbols. The solid line indicates the division between Fast
and Slow rotators of Emsellem et al. (2011). After applying
the requisites detailed in 4.1, the total number of galaxies
in these plots is 5,565, a slightly reduced version from the
initial sample of 5,587 as some galaxies are excluded from
the analysis (see Sec. 4.1). In the left panel we observe that
galaxies cover a wide region of the parameter space with λRe
ranging from 0.02 to 0.90 and ε going from 0.03 to 0.88.4
4 The mass weighted version of Figure 4 shows a different picture
with almost no galaxies in the simulation with λRe and ε larger
than 0.8. The latter implies that our results would deviate more
These values are larger than those in the work of Lagos et al.
(2018), also based on EAGLE, where galaxies have on aver-
age a maximum λRe equal to 0.8 and ε equal to 0.65. This
is not surprising as ε and λRe were calculated using aper-
tures that contain half the mass that are smaller and thus
less sensitive to the global morphology and kinematic of the
galaxy. In the right panel, we observe how galaxies move on
average to the upper right region of the diagram as they ex-
hibit maximum values of ε and λRe in edge-on orientation.
We also notice that the number of galaxies showing ε < 0.3
and λR > 0.5 decrease considerably.
The vast majority of galaxies in EAGLE appear to be
Fast rotators, with only 10% being classified as Slow ro-
tators. The fraction of Slow rotators, fSR, and their de-
pendence with mass and environment has been subject of
numerous works in the last years. It has been found that
there is a strong connection between the fSR and the stellar
mass (Greene et al. 2017; Veale et al. 2017; Graham et al.
2018). This trend was also observed by Lagos et al. (2018)
using the EAGLE and HYDRANGEA simulations. On the
other hand, there is also a known relation between Slow rota-
tors fraction and environment, with incresing values towards
denser environments (Cappellari et al. 2011b; D’Eugenio
et al. 2013). Both results are complementary since massive
systems are typically found in high-density regions. In fact,
Brough et al. (2017b) showed that the majority of Slow rota-
tors are massive and are found in the most overdense regions
of clusters. We have calculated the fraction of Slow rotators
as a function of the stellar mass and environment using the
density indicators defined by Cappellari et al. (2011b). Our
results, (not shown here) confirm the increasing trend of the
from observations and we could not properly perform the analysis
in the following sections.
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Figure 5. The λR − ε diagram of galaxies in the CALIFA sam-
ple and in the RefL0100N1504 simulation at z=0. The CALIFA
sample is plotted using red circles while the colored cells and gray
circles represent the simulated galaxies. The color-scale indicates
the number of galaxies in each cell and gray points show galaxies
in cells containing less than 5 points.
fSR towards denser environment and higher masses. Lagos
et al. (2018) already addressed this question and confirmed
the quick rise of FSR above M? ≈ 1011 M using both EA-
GLE and HYDRANGEA simulations.
We now compare our results with the angular momen-
tum measurements of galaxies in the CALIFA survey. This
sample consists of 300 galaxies with diverse kinematic prop-
erties, from dispersion supported ellipticals, to fast rotating
spirals (Falco´n-Barroso et al. 2017). In addition, the sample
covers a wide range of morphologies across the Hubble
sequence, but lacks low-mass, low-luminosity early-type
galaxies and very massive and luminous late-type systems.
Given the large number of galaxies in our sample, we split
the λRe − ε diagram in 0.05 × 0.05 cells and color-code them
by the number of galaxies they contain. In Fig. 5 we plot
CALIFA galaxies in the the λRe − ε diagram (Falco´n-Barroso
et al. 2019) as red circles, while we use the coloured two
dimensional grid to represent EAGLE galaxies. To get an es-
timation of the densest regions of the diagram we only colour
the cells that contain a minimum of 5 galaxies in them.
Galaxies that fall in the cells with less than 5 galaxies are
plotted using gray circles. There is a general good ageement
in the range of λRe and ε values displayed by both the CAL-
IFA and EAGLE samples. Nevertheless, the specific number
of galaxies in each bin is more susceptible to the particular
selection functions of each sample. We note, however, that
the lack of extreme flattened galaxies in the EAGLE sample
(compared to CALIFA) may be due to the specific isterstel-
lar medium (ISM) subgrid physics used in the simulations.
The ISM model used in EAGLE imposes a temperature
floor that prevents metal rich gas from cooling below
8000 K. This temperature threshold sets a minimum disc
height of ≈ 1 kpc while Milky Way-like spiral galaxies with
large ε exhibit scale heights of ≈ 0.4 kpc (Kregel et al. 2002).
6.2 Relations with fundamental physical
properties
We explore the relation between some fundamental galaxy
properties (e.g. mass, size, SFRs and luminosity weighted
age) and their connection with the λRe parameter at z = 0.
To calculate the SFR of a galaxy we sum the SFRs of the
gas particles that are gravitationally bounded to its sub-
halo. Individual SFRs are calculated assuming that the SFR
depends on pressure rather than density (Schaye & Dalla
Vecchia 2008). This allows to rewrite the observed star for-
mation law of KennicuttaˆA˘S¸Schmidt (Kennicutt 1998) as
a pressure law where the free parameters can be obtained
from observations.The great majority of star formation takes
place at the central regions of galaxies and the application
of the 30 pkpc spherical aperture has little impact in the
final outcome. Ages are calculated as luminosity-weighted
averages obtained from the projected age maps in the same
apertures used to calculate λRe. Galaxies were randomly pro-
jected to obtain the values of effective radii, age and λRe .˙ We
use as observational reference the results of the ATLAS3D ,
CALIFA, MASSIVE and SAMI surveys shown in van de
Sande et al. (2019) .
Figure 6 shows the size (top panel), SFR (middle panel)
and age (bottom panel) of EAGLE galaxies as function of the
stellar mass. The points of these distributions have been col-
ored by their λRe value. Instead of using the individual val-
ues of λRe we obtained new averaged values to highlight the
global trends with the angular momentum. We calculated
this new λRe values using the CAP LOESS 2D
5 routine of
Cappellari et al. (2013), which implements the multivariate,
locally weighted regression (LOESS) algorithm of Cleveland
& Devlin (1988).
The distribution of galaxies in the size-mass plane is one
of the most studied scaling relations, in which most mas-
sive systems also display the largest sizes (e.g, van der Wel
et al. 2014, and references therein). In the first panel, we
show that EAGLE galaxies are on average in good agree-
ment with the observations but are, in general, too large for
their mass (see Fig. 3 of van de Sande et al. 2019). This is
expected as subgrid modules are calibrated using half-mass
radii, which are typically smalles than half-luminosity radii
(see Section 4.1). We find that there is a critical value of
mass, Mcrit /M= 1010.3 that separates two distinct regimes.
Galaxies with masses below Mcrit have fairly constant sizes
at fixed value of angular momentum, while this relation is
much steeper (i.e. increasing size with larger λRe) for more
massive systems.
In the middle panel, we can identify the star forming
main sequence for galaxies with SFR ≥ 10−1M yr−1, where
more massive galaxies tend to exhibit larger values of SFR
(e.g. Peng et al. 2010). The good agreement between EAGLE
galaxies and observational results of this relation has already
been addressed by Furlong et al. (2015). There is a strong
correlation between the SFR and the angular momentum,
since stars mostly form in in rotationally-supported disks.
5 https://www-astro.physics.ox.ac.uk/ mxc/software/
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Figure 6. Distribution of effective radii (top), star formation
rate (midle) and age (bottom) as a function of stellar mass for
galaxies in the RefL0100N1504 simulation at z = 0. The colorscale
indicates the LOESS average λRe (see text for details).
There is a weak trend with the stellar mass for galaxies with
masses larger than Mcrit , where at a fixed value of λRe more
massive galaxies have larger SFRs.
In the bottom panel, we observe that our galaxies span
a very similar range of ages as found in observational surveys
(van de Sande et al. 2019; McDermid et al. 2015; Gonza´lez
Delgado et al. 2015) . We find that galaxies with masses be-
low Mcrit span the largest range of ages from 0.4 to 12.3 Gyr.
Table 1. List of redshift (column 1), number of galaxies in the
initial sample (column 2) and number of galaxies successfully
analysed (column 3) in the RefL0100N1504 simulation for the
snapshots analysed in Sec. 7
z Nsample Nanalysed
0.00 5,587 5,565 (99%)
0.25 5,494 5,442 (99%)
0.50 5,345 5,193 (97%)
1.00 4,665 4,258 (91%)
1.50 3,567 3,002 (84%)
2.00 2,523 1,874 (74%)
There are very few galaxies with ages ≤ 3 Gyr at stellar
masses larger than 1010.5 M. Our measurements strongly
deviate from the EAGLE ages shown by van de Sande et al.
(2019), as they showed a considerably older distribution of
ages with a minimum age of 2.5 Gyr and median age of
8.96 Gyr. We noticed, however, that if we use mass-weighted
ages our results are very similar. The distribution of angular
momentum in this diagram shows two clearly distinct trends
below and above Mcrit . For galaxies with masses lower than
1010.3 M more massive objects tend to be older at fixed
value of λRe. For masses larger than Mcrit the relation flat-
tens, i.e. at fixed value of age λRe remains fairly constant.
7 REDSHIFT EVOLUTION
In this section we focus on the evolution of the dynamical
state of galaxies with time. To that end, we analyse the
galaxies in the simulation at redshifts z = 0, 0.25, 0.5, 1, 1.5
and 2. Table 1 indicates the number of galaxies that initially
formed our sample at each snapshot and the number of
galaxies that are successfully analysed. Due to our mass
selection criteria the number of galaxies in our sample
decreases with increasing redshift, and we cannot study the
progenitors of all the galaxies in our sample at z = 0.
The first question that we want to address is how the
distribution of randomly oriented galaxies changes with
time in the λR − ε diagram. Figure 7 shows the λR − ε
diagram at different redshifts. We proceed in the same way
as in Sec. 6.1 and split the diagram in cells of 0.05×0.05, and
color code them by the number of galaxies in each cell. Cells
containing less than 5 objects are not coloured and galaxies
are indicated using gray circles. We observe that the distri-
bution at z = 0.25 is very similar to that of the z = 0 diagram.
The main difference between these plots is that at z = 0 the
densest region of the distribution is in the λR < 0.4 and
ε < 0.2 region; whereas at z = 0.25 the densest part of the
diagram is the region with λR > 0.5 and ε > 0.2. This trend
towards larger values of angular momentum and ellipticity
continues at z = 0.5 and the most densely populated part of
the diagram is now in the region λR > 0.6 and ε > 0.5. The
fourth panel, we notice that at z = 1 the number of galaxies
in each bin has globally decreased, but the densest region is
the same than at z = 0.5. At z = 1.5 the galaxies are more ho-
mogeneously distributed, but the upper part of the diagram
still shows a denser region in λR > 0.6 and ε > 0.5 part. At
z = 2 galaxies are homogeneously distributed over the entire
diagram. It is interesting that we can find galaxies in the
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Figure 7. λR − ε diagram of galaxies with M? ≥ 5 × 109 M in the RefL0100N1504 at z = 0, 0.25, 0.5, 1, 1.5, 2 from left to right and
top to bottom. The color-scale indicates the number of galaxies in each cell and gray points show galaxies in cells containing less than 5
objects.
ε > 0.7 region with a wide range of λRe values at all redhsifts.
We studied the effect of potential biasses due to our selection
criteria and they appear to have no effect in these results.
These plots presents and scenario where galaxies are
initially homogeneously distributed in the λRe − ε diagram
at z = 2, increase their angular momentum and ellipticity
populating preferentially the upper right part of the diagram
at z = 1 and up to z = 0.25. At z = 0 galaxies appear to
experience, on average, a loss of angular momentum and
ellipticity, as the bottom left part of the diagram becomes
the most densely populated.
Motivated by these results, we have analised the evolu-
tion of λRe with redshift for different families of present-day
galaxies. In particular, we have explored to what extent this
evolution has been dominated by external or secular pro-
cesses, and whether that determines the angular momentum
of galaxies at z = 0. In order to fully exploit the cosmological
side of the simulation, we focus on galaxies whose progeni-
tors already satisfy our requirements of mass and data qual-
ity at z = 2, leading to a reduced sample formed by 1,152
galaxies. We also chose galaxies in edge-on orientations to
simplify the analysis and avoid biases among galaxies. We
divided our sample into five groups of increasing λRe in steps
of ∆λR = 0.2 at z = 0. We further divide each group according
to their merger story. We show in Table 2 the total number
of galaxies per group and the number of those that have
experienced any major merger, only minor mergers, or had
no mergers from z = 2. The number of galaxies that only ex-
perienced smooth accretion is not indicated to facilitate un-
derstanding Table 2 but can be calculated straightforwardly
with the information therein.
7.1 The impact of major mergers
We observe a clear trend where the number of galaxies that
have undergone a major merger increases towards lower val-
ues of λReT˙his is not surprise as major mergers are expected
to heavily affect the kinematics of galaxies and produce slow
rotators (Bois et al. 2010; Naab et al. 2014). However, the
fraction of present-day galaxies with high λRe that has suf-
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Figure 8. Evolution of λRe as function of look-back time (LBT) and redshift for the five groups of galaxies in 2. Circles represent the
average value for each group and the lower and upper lines, the 16 and 84 percentiles respectively. Blue and red colours are used for
the groups with present-day z = 0 values of λR > 0.8 and λR < 0.2. From left to right the panels show the evolution of all the galaxies,
galaxies that experienced a major merger and galaxies that had no mergers.
fered a major merger is not negligible, and shows that they
do not always destroy the rotationally dominated nature of
the galaxy. Zoom in simulations have already shown that
major mergers can quench the star formation of a galaxy
and preserve their disc dominated structure (Pontzen et al.
2017; Sparre & Springel 2017) and that even the remnant of
a dry major merger can evolve into a fast rotator by disk re-
growth if the surrounding gas halo cools down (Moster et al.
2012). In fact, it was already shown by Lagos et al. (2018)
that very gas rich, wet major mergers with Rgas,merger > 0.8
can spin-up galaxies.
Figure 8 shows the evolution of λRe as a function of the
look back time (LBT) and redshift for all the galaxies (left),
galaxies that have experienced any major merger (middle)
and galaxies that had no merger (right), divided into the
five groups described before. Symbols represent the average
value and the contour the 16 and 84 percentiles. Since we
want to concentrate our study on the λRe extreme groups
(e.g. with λR > 0.8 and <0.2), we use blue and red colours
respectively to highlight them, while using gray colour for
the rest. On the left panel, it appears that there is no link
between the angular momentum at z = 2 and z = 0. All the
five groups present the same average value of λR ≈ 0.6 and
spam a large range of values at z = 2. Then, all the groups
increase their mean angular momentum reaching their peak
value between redshifts 1 and 1.5 to then evolve separately
down to z = 0. The blue group already shows high mean
value of λRe and small scatter at z = 1 and is able to maintain
it until z = 0. The rest of the groups steadily loose angular
momentum from z = 1 to z = 0 with varying values of scatter.
In particular, the red group has already started to loose
angular momentum at z = 1 and it shows large scatter values
at all z. The middle panel reveals that galaxies that have
experienced major mergers are one of the greatest source of
scatter in the left panel, since the dispersion in λRe values for
the gray groups is considerably larger. It is interesting that
the evolution of the blue and red groups is very similar in
both panels. The right panel shows that galaxies that have
Table 2. Number of galaxies in different kinematic groups. Col-
umn 1 Selection criteria . Column 2 Total number of galaxies.
Column 3 Number of galaxies that had any major merger. Col-
umn 4 number of galaxies that had only minor mergers. Column
4 Number of galaxies that had no mergers.
λR,edge−on Ntot al Nma jor Nminor Nnomerger
>0.8 146 41 (28.1%) 51 (34.9%) 12 (8.2%)
0.6-0.8 279 118 (42.3%) 57 (20.4%) 28 (10.0%)
0.4-0.6 247 98 (39.7%) 59 (23.9%) 26 (10.5%)
0.2-0.4 223 96 (43.0%) 43 (29.3%) 28 (12.6%)
<0.2 257 170 (66.1%) 30 (11.7%) 19 (7.4%)
not experienced any merger evolve in the same way as those
that have suffered them. Therefore there has to be a different
dominant mechanism that explains the decrease of λRe with
time.
7.2 The role of star formation and neutral gas
content
We studied the λRe evolution of galaxies that only experi-
enced minor mergers or smooth accretion and found very
similar results. Furthermore, we split our sample into cen-
trals and satellites and obtained the same results. On the
other hand, when we separated the merger analysis into wet
and dry mergers, we found that galaxies that had experi-
enced wet mergers follow the same trends seen in Fig. 8,
while those suffering dry mergers present different evolu-
tionary tracks of λRe . In order to understand the origin of
this phenomenon, we have studied the evolution of different
galaxy physical parameters. Figure 9 shows the evolution of
the SFR (top row), mass of neutral hydrogen (middle row)
and total mass of baryons (bottom row) as a function of
time for each group of galaxies. In each row we plot (from
left to right) the evolution for all the galaxies, galaxies that
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Figure 9. From top to bottom, the evolution of the SFR, mass of neutral hydrogen, and baryonic mass as function of the LBT and
redshift for the five groups of galaxies in 2. Circles represent the average value for each group and the lower and upper lines, the 16 and
84 percentiles respectively. Blue and red colours are used for the groups with λR > 0.8 and λR < 0.2 and gray for the rest. From left to
right each row shoes shows the evolution of all the galaxies, galaxies that experienced a major merger and galaxies that had no mergers.
experienced any major merger and galaxies that suffered no
mergers. The colours and symbols are the same as in Fig. 8.
In the top row, it appears that the blue group presents
the largest values of SFR with smallest scatter at all times.
Galaxies in the red group, on the other hand, always show
the lowest values of SFR and largest scatter. This difference
is more evident in the right panel, where galaxies that had no
mergers are rapidly quenched already at z = 1. Interestingly,
the five groups of galaxies that had no mergers experience a
faster decrease of SFR than galaxies in the other two plots.
The evolution of galaxies that had suffered major mergers
is very similar to the global sample.
The middle row offers a similar picture to the one in
the top row. Overall there is a general trend for galaxies
to lose neutral gas content over time. In addition, there is
a clear difference between galaxies that have experienced
major mergers from those that have not. The loss of neutral
gas content is larger for galaxies that had no mergers, which
may explain the larger decrease of SFR of this group in the
upper panel. This is not surprising given the known relation
between the mass of neutral hydrogen and SFR (Kennicutt
et al. 2007; Leroy et al. 2008; Bigiel et al. 2008). We also
find that there is a marked difference among groups for the
galaxies that had no mergers. We see that the gas content
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of the blue group is almost constant from z = 2 to z = 1 and
then decreases down to z = 0, while this decrease is much
more abrupt for the other families of objects.
The correlation between reduced SFR or neutral gas
and lower spin is explained as a fading effect. The loss of
neutral gas quenches the star formation which means that
older stellar populations contribute more to the luminosity-
weighted spin and therefore decreases.
The bottom row shows that the baryonic mass of galax-
ies evolve in different ways in each panel. On the left, the
mean value and scatter of the baryonic mass for the blue
group increases from z = 2 to z = 0. For the rest of the groups
the scatter is so large that it includes the possibility of mass
values lower than the initial mass at z = 2. The red group
presents the largest scatter at all redshifts. The middle panel
displays that the five groups increase their baryonic mass
from the z = 2 up to z = 0. The average value and scatter
of the five groups is very similar at all redshifts, except for
the blue group which shows smaller values of scatter. The
right panel shows an interesting trend where galaxies in the
blue and red groups evolve in opposite directions. The for-
mer shows a very similar range of mass at all redshift with a
small increase in the mean value from z = 2 to z = 1.5. On the
contrary, the baryonic mass of the red group decreases from
z = 2 to z = 0.5 and then remains constant down to z = 0.
These trends are so different that at z = 0 there is a clear bi-
modality in the mass distribution of the blue and red groups.
The rest of the groups show intermediate behaviours.
The top and middle plots on the right present and sce-
nario where the evolution of λRe shown in Fig. 8 is tightly
correlated with the SFR and neutral gas content. The top
and middle panels show that galaxies in the blue group have
a source of neutral hydrogen that is constantly providing
new gas as they have the largest values of SFR and mass
of neutral hydrogen at all redshifts. Since these galaxies do
not experience any merger, the gas must have been accreted
from the intergalactic medium (IGM). On the contrary, SFR
and mass of neutral hydrogen of the red group rapidly drops
showing that these galaxies lack the replenishment of new
cold gas. These features could explain the different evolution
of λRe seen in Fig. 8, as it is expected that the angular mo-
mentum grows proportionally with time through newly ac-
creted gas (White 1984). It is remarkable that, even though
the blue group always present large values of SFR, their
neutral gas content remains almost constant from z = 2 to
z = 0.25. These facts would lead to a baryonic mass that
steadily increases for the blue group and that remains con-
stant for the red one, which slightly differs to our plot in
the bottom right of Fig. 9. Although these galaxies do not
experience mergers, they do not evolve in isolation and are
affected by processes that can remove part of their baryons
such as ram pressure and tidal striping. Therefore, the com-
bination of accretion and stripping processes experienced by
galaxies in the simulation causes these differences.
Regarding galaxies that experienced mergers, the evolu-
tion of galaxies that accreted low mass haloes (Rstars,merger <
0.1) can also be explained in the same scenario as galaxies
that had no mergers since their SFR, mass of neutral hydro-
gen and baryonic mass evolution is very similar. However,
the evolution of the baryonic mass presents larger scatter
due to the additional source of stars and gas from the ac-
creted galaxies. The latter, makes the analysis of galaxies
that have experienced a major or minor merger even more
difficult, as mergers do not only act as large source of gas
and stellar mass, but they can quench the star formation in
short time scales (Lotz et al. 2008, 2011). It is worth noting
that even though the remnant of a major merger can evolve
in many different ways the blue group still shows the largest
values of SFR and mass of neutral hydrogen at almost every
redshift.
In addition to the three parameters presented here, we
investigated the role of other physical parameters such as
the dark matter spin (Bullock et al. 2001), black hole mass,
AGN activity or total dark matter mass, among others, but
none of them showed a strong connection with the evolution
of λRe.
8 CONCLUSION AND DISCUSSION
In this work we present the kinematic results of galaxies
in the RefL0100N1504 simulation using a novel approach
that allow us to study the simulated galaxies as close as
possible to observations. We took special care to characterize
the projected morphology to truly account for the global
distribution of light and not only the central regions. For
each galaxy we were able to obtain IFU-like maps of both
the kinematic and stellar populations.
We found that EAGLE simulations are able to gener-
ate galaxies with a wide variety of kinematic features such
as: regular rotators, non rotators, KDCs, prolate rotators
and 2-σ galaxies. This a great success of the subgrid physic
modules since no kinematic information is used to calibrate
them.
We analysed the distribution of galaxies in the λR − ε
plane and found that there is a good agreement with results
from other IFS. However, the simulation lacks the popula-
tion of massive slow rotators, because of the limited size
of the simulated cosmological volume, which cannot pro-
duce a statistically significant population of galaxies with
M?≥ 1011.5 M.
We studied the dependence between the size, SFR and
luminosity-weighted average age of the galaxies with their
stellar mass and angular momentum. The size-mass and
SFR-mass relations had already been studied and our results
confirm those in the literature. Our average age-mass results
are in good agreement with the stellar ages derived from
various IFU surveys, spanning the same range of values.We
notice, however, that our results contrast with those of van
de Sande et al. (2019) where the authors showed that galax-
ies in EAGLE were older than in observations. We found
that there is critical mass Mcrit /M= 1010.3 , that separates
different trends with the angular momentum.
We also investigated the distribution of galaxies in the
λR − ε plane at different redshifts. We found that galaxies
tend to exhibit larger values of angular momentum and ellip-
ticity towards higher redshifts up to z = 1. At z = 2 galaxies
display similar distributions in the diagram. Galaxies can be
found at any region of the diagram with λRe and ε <0.9, at
any redshift (up to z = 2).
Finally, we studied the evolution of λRe with time of
a reduced sample of 1,152 galaxies divided in five different
groups of increasing λRe and found that there is no connec-
tion between the angular momentum at z = 2 and z = 0. We
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also found that galaxies increase their angular momentum
from z = 2 to z = 1, a moment when galaxies with lower val-
ues of λRe at z = 0 begin to steadily loose angular momen-
tum. We analysed the impact of mergers and found that
this behaviour is present for all galaxies whether they expe-
rienced mergers or evolved undisturbed. We further probed
evolution of the SFR, neutral hydrogen and baryonic mass
and found that for galaxies that had no mergers the evo-
lution towards high or low angular momentum is mostly
caused by gas accretion from IGM. Galaxies which have a
constant source of neutral hydrogen from the IGM have the
largest amounts of SFR and the continuous generation of
young stars is able to keep the high angular momentum,
while galaxies that do not accrete gas are rapidly quenched
and lose their angular momentum. In the case of mergers the
scatter of the distributions is much larger and is not straight-
forward to obtain the same conclusion. Further analysis are
required to understand the effects of gas accretion, merger
events and environment in the angular momentum in a fully
cosmological context.
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